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Abstract
Purpose: In this work we present a dual-phase diffusion tensor imaging (DTI) technique that incorporates a correction
scheme for the cardiac material strain, based on 3D myocardial tagging.
Methods: In vivo dual-phase cardiac DTI with a stimulated echo approach and 3D tagging was performed in 10 healthy
volunteers. The time course of material strain was estimated from the tagging data and used to correct for strain effects in
the diffusion weighted acquisition. Mean diffusivity, fractional anisotropy, helix, transverse and sheet angles were calculated
and compared between systole and diastole, with and without strain correction. Data acquired at the systolic sweet spot,
where the effects of strain are eliminated, served as a reference.
Results: The impact of strain correction on helix angle was small. However, large differences were observed in the
transverse and sheet angle values, with and without strain correction. The standard deviation of systolic transverse angles
was significantly reduced from 35.963.9u to 27.8u63.5u (p,0.001) upon strain-correction indicating more coherent fiber
tracks after correction. Myocyte aggregate structure was aligned more longitudinally in systole compared to diastole as
reflected by an increased transmural range of helix angles (71.8u63.9u systole vs. 55.6u65.6u, p,0.001 diastole). While
diastolic sheet angle histograms had dominant counts at high sheet angle values, systolic histograms showed lower sheet
angle values indicating a reorientation of myocyte sheets during contraction.
Conclusion: An approach for dual-phase cardiac DTI with correction for material strain has been successfully implemented.
This technique allows assessing dynamic changes in myofiber architecture between systole and diastole, and emphasizes
the need for strain correction when sheet architecture in the heart is imaged with a stimulated echo approach.
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Introduction
The influence of myocardial fiber architecture on cardiac
morphology and mechanics is of significant interest. The helical
organization of myocardial fibers [1–4] and the formation of
myocytes into sheets [5–7] by branching and interconnection have
been well described. While microscopy provides high-resolution
images [8–10], MR diffusion weighted imaging enables investiga-
tion of the intact organ. Despite its lower spatial resolution
compared to microscopy, MR has found application in ex vivo
[4,6,11–20] and also in a small number of in vivo [21–27] studies
of the heart. More recently, diffusion tensor imaging (DTI) has
enabled tractography of the myocardium both ex vivo [28–30] and
in vivo [25,31,32].
In order to investigate differences in fiber configuration during
the cardiac cycle, Chen et al. [33] presented a comparison of ex
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vivo pig hearts first arrested in diastole and later fixated in systole.
These ex vivo findings were confirmed by Hales et al. [34].
Significant differences in helix angle and sheet angle distributions
between systole and diastole were found. Further investigations
involved the study of sheet rearrangement in myocardial
pathologies [35,36].
Figure 1. Dual-phase cardiac DTI acquisition scheme. The first slice is encoded in systole (STEAM 1 SL1 HP1) and the second slice in diastole
(STEAM 1 SL2 HP2) with preceding fat saturation (fat sat) and regional saturation (rest) (a). Corresponding STEAM decoding and readout are
performed in the second R-R interval (STEAM 2). For non-diffusion weighted imaging, FID crushers are applied in the through-plane direction (dotted
area) (b) while only diffusion encoding gradients are applied otherwise (dark gray). (C) Non-coplanar excitation (tilt) is used to select two angulated
slabs (red) with the first RF pulses. Slice selection within these slabs is performed with the second and third RF pulses (green). Regional saturation
(blue) is used to eliminate signal from the edges (black). The final slices are represented in brown, and the measured slice distribution across the left
ventricle is shown in (d). The coverage from apex to base was approximately 63 mm.
doi:10.1371/journal.pone.0107159.g001
Figure 2. Definition of fiber and sheet angles. A local orthonormal basis is defined (a) (radial:~r, circumferential: ~c, longitudinal: ~z). Helix (a),
transverse (b) and sheet angle (c) definitions are given in (b). For angle calculation, projections of the first (~e1) and third (~e3) eigenvectors were used
(grey planes). The sign indicates the polarity of the angle. For each tensor position a normalized transmural position is defined (c). An example of the
transmural course of helix angles is shown in (d) with the angle range (grey) and linear fit (green) indicated. Histograms of sheet angles (e) were fitted
using a quadratic function (green line).
doi:10.1371/journal.pone.0107159.g002
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In vivo DTI of the human and animal heart has been
performed using diffusion weighted stimulated echo acquisition
modes (STEAM) [21,27,37–40] and first and second order motion
compensated diffusion weighted spin-echoes [24–26,31,32] in
combination with echo-planar imaging readouts. While spin-echo
diffusion weighted imaging requires strong gradient systems in
order to be applied in the in vivo heart, STEAM based sequence
can be performed with standard gradient hardware.
Early reports suggested that the impact of material strain is of
significance in cardiac DTI [21,22,38,39]. To this end, it was
proposed to trigger STEAM encoding and decoding to the so-
called ‘‘sweet spots’’ of myocardial strain at which the temporal
mean of strain approaches zero [21]. Despite this insight, cardiac
diffusion-weighted STEAM at various time points in the cardiac
cycle has been reported recently [27,41–44].
The objective of the present work is to address the impact of
material strain on the diffusion tensor when imaging the in-vivo
heart using the STEAM sequence. To this end, a tensor correction
scheme based on cine 3D tagging data is presented. In addition,
the diffusion weighted STEAM sequence is modified to allow for
Figure 3. Raw data of diffusion weighted and tagging acquisitions as well as strain maps for the sweet spot, the systolic and the
diastolic heart phase. The ‘‘b = 0’’ image, the first three and the last diffusion encoding directions as well as the averaged diffusion weighted
images are shown. Tagging data from the three orthogonally oriented line-tagged stacks are given alongside. The temporally averaged stretch
tensors as calculated from the tagging data allow assessing radial, circumferential and longitudinal stretch components, which are presented as
stretch maps, to be assessed.
doi:10.1371/journal.pone.0107159.g003
Figure 4. Time course of the measured stretch tensor. The radial, circumferential and longitudinal components of the right stretch tensors are
plotted as a function of time after the R-wave. The systolic (a) and diastolic (b) timing of the DTI sequence is indicated by the vertical solid line while
the systolic sweet spot is marked by the vertical dashed line. The transmural course of the helix angles and the transverse and sheet angle histograms
are presented for systole (c) and diastole (d) for a medial/basal level. Systolic and diastolic (black) as well as sweet-spot (gray) data are shown before
(dotted line) and after (solid line) strain correction.
doi:10.1371/journal.pone.0107159.g004
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dual-phase and slice-interleaved imaging thereby accelerating
cardiac diffusion tensor imaging by a factor of two relative to
previous single-phase approaches. Differences in fiber and sheet
architecture between systole and diastole, without and with strain
correction of the in-vivo human heart are presented.
Methods
Study protocol
Ten subjects without any history of cardiac disease (4 male/6
female, age 2768years, weight 6867 kg, heart rate 66611 bpm)
were imaged on a clinical 1.5T scanner (Achieva system, Philips
Healthcare, Best, The Netherlands). The scanner was equipped
with a gradient system delivering 40 mT/m maximum strength
and 200 mT/m/ms maximum slew rate per physical gradient
axis. A 5-channel cardiac array coil was used for signal detection.
Written informed consent was obtained from each subject prior
to imaging, and the study protocol was approved by the ethics
committee of the canton of Zurich. Obtained informed consent
included imaging as well as publication of anonymized data.
Short-axis balanced steady state free precession cine data with a
temporal resolution of 7 ms were obtained in the 2-chamber and
short-axis planes of the left ventricle (LV) to identify the ventricular
systolic (trigger delay: 277619 ms) and diastolic (trigger delay:
627685 ms) standstill periods. For image-based shimming, a B0
field map was acquired in the short-axis view covering the entire
LV [45].
Myocardial tagging sequence
Three orthogonally orientated line tagged cine image volumes
covering the entire LV were acquired within three consecutive
breath holds [46]. To compensate for differences in breath hold
levels a gating respiratory navigator was applied prior to the
acquisition of each stack (acceptance window 15 mm). Resulting
navigator offsets were used for stack alignment during image
reconstruction. In order to avoid tag line fading during the cardiac
cycle, complementary spatial modulation of magnetization
(CSPAMM) was applied requiring two signal averages, with
inverted tagging modulation [47]. Imaging parameters were as
follows: FOV: 10861086108 mm3, spatial resolution:
3.567.767.7 mm3 (tagging/readout 6 phase encoding 6 phase
encoding) reconstructed to 0.9660.9660.96 mm3, temporal res-
olution: 18 ms and 7 mm tag line distance. To achieve a temporal
resolution of 18 ms, the maximum slew rate of the gradient system
(200 mT/m/ms) was used for the segmented echo planar imaging-
readout (EPI factor 7, 3 excitations per heart phase).
Figure 5. Systolic and diastolic tensor maps with and without strain correction. Diffusion tensor fields acquired in systole (A,B) and diastole
(C,D) are represented by superquadric glyphs and color-coded by the helix angle before and (A,C) after strain correction (B,D). The diffusion tensor
fields before and after strain correction are merged (C,E) to visualize its impact. Insets demonstrate a major realignment of the tensor field into the
typical helical pattern upon strain correction in systole (B). In diastole, strain correction effects are characterized mainly by small changes in the
principal diffusivities (E).
doi:10.1371/journal.pone.0107159.g005
Table 1. MD, FA at basal, medial and apical level.
systole diastole
w/o correction with correction w/o correction with correction
MD [1024 mm2/s] base 8.661.2* 9.561.3 8.561.0* 8.261.0{
medial 8.861.4* 10.161.8 9.261.1* 8.761.1{
apex 9.660.8* 11.261.2 10.161.1* 9.460.9{
FA base 0.5260.03* 0.6160.02 0.6160.05 0.6160.04
medial 0.5260.05* 0.6060.03 0.6160.04 0.6160.04
apex 0.4860.02* 0.55660.02 0.5760.03 0.5760.03{
* indicates statistical significance (p-value,0.05) between uncorrected and corrected data and
{indicates statistical significance between systole and diastole.
doi:10.1371/journal.pone.0107159.t001
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Diffusion sequence
Dual-phase cardiac STEAM was implemented using a reduced
field-of-view technique [48]. To avoid saturation in adjacent slices
a tilted local-look pulse scheme was incorporated (Figure 1) [49].
Residual signal from the edge of the field-of-view (black triangles
in Figure 1c) was suppressed using regional saturation (rest) slabs.
A scheme to interleave slices (SL1 and SL2) and heart phases (SYS
and DIA) was implemented by applying the STEAM encoding
block of slice 1 in systole (SL1 SYS) and slice 2 in diastole (SL2
DIA) of the first R-R interval. The corresponding STEAM
decoding block including the readout was applied in the second R-
R interval, respectively. The two paired slices had a gap of 25 mm,
thus avoiding cross talk from the angulated excitation due to
contraction of the heart. After acquiring all signal averages of all
diffusion encoding directions, the slice order was switched to
complete the acquisition of both heart phases for each slice.
Thereby two slices were acquired in two heart phases within a
single scan, hence reducing scan time relative to sequential single-
phase, single-slice acquisition by a factor of two.
The acquisition of diffusion-weighted images was divided into
multiple navigator-gated breath holds (acceptance window of
5 mm). Parameters of the diffusion sequence were: 2246100 mm2
field-of-view, 262 mm2 in-plane resolution, 8 mm slice thickness,
number of slices 6, TE/TR 18 ms/2R-R intervals, partial Fourier
factor 0.62. A single shot EPI readout was used. The two heart
phases in the diffusion protocol were triggered to quiescent phases
of systole and mid-diastole as defined on the cine images. Unipolar
diffusion gradients were played out in 10 directions on a unit-
sphere [50] with a b-value of 500 s/mm2. To reduce echo time,
FID crushers necessary in STEAM were removed for b = 500 s/
mm2 acquisitions, but kept for the b= 0 s/mm2 acquisition.
All eight signal averages of a diffusion weighted image were
acquired within one breath hold. Different diffusion weightings
were obtained in consecutive breath holds. The volunteers were
allowed sufficient time to recover in-between breath holds to
ensure consistent heart rates among the data series. A total of 11
breath holds of 14–16 s duration each were acquired per slice and
two heart phases, resulting in a 15–18 min total net acquisition
time for six slices at two heart phases.
Tensor reconstruction
To compensate for residual slice mismatch due to inconsistency
in breath hold levels within the 5 mm gating window and to
account for eddy-current induced geometrical distortions, all
diffusion weighted images were registered to the b= 0 image by
means of affine image registration (elastix toolbox [51]).
Systolic and diastolic diffusion tensors were estimated based on
the modified Stejskal-Tanner equations. To account for non-zero
diffusion weighting of the ‘‘b = 0 s/mm2’’ scan due to diffusion
weighting introduced by the FID crusher gradients present in
STEAM, the signal equation was modified as:
B{~S~~D
with B being the modified b-matrix containing the b-values of the
diffusion weighted images b and the ‘‘b = 0’’ image bSb~0 :
B~
bx2diff 1 by
2
diff 1 bz
2
diff 1 2bxydiff 1 2bxzdiff 1 2byzdiff 1 {1
..
.
bx2diffN by
2
diffN bz
2
diffN 2bxydiffN 2bxzdiffN 2byzdiffN {1
0 0 bSb~0 0 0 0 {1
2
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3
7777775
~S denotes the negative logarithm of the measured signal per pixel
including the signal of the ‘‘b = 0’’ image Sb~0:
~S~{ln S1    SdiffN Sb~0½ T
 
and ~D the vector containing the unknown tensor elements and the
true b= 0 signal S0:
~D~ Dx2 Dy2 Dz2 Dxy Dxz Dyz ln S0ð Þ
 T
where x, y and z are the coordinates of the normalized diffusion
direction, T the transpose and { the Moore-Penrose pseudo
inverse.
Correction for material strain
Material strain effects were compensated for based on the
stretch history of tissue [38,39]. From 3D tagging data, three-
dimensional displacement fields were calculated with a custom-
made software utilizing the 3D SinMod algorithm [52]. The LV
was manually masked on the tagging data as well as on the
acquired b= 0 s/mm2 image. To compensate for mismatch and
different spatial resolution of the acquired data, the shape of the
DTI mask was mapped onto the re-sliced tagging mask by means
of coherent point drift registration [53]. Having identified the
position of each diffusion tensor estimated from the DTI
acquisition within the displacement field, a cube parallel to the
canonical basis in which the displacement fields and the position of
the tensors are represented, was defined at each point and tracked
over the R-R interval. The time course of the right stretch tensor
was calculated from the deformation gradient field obtained from
the tracked cubes as described by Hess et al. [54]. Stretch tensors
were calculated relative to the systolic and the diastolic time points
of diffusion imaging. The strain effect on the diffusion measure-
ment is described by
Dobserved~
1
D
ðD
0
U tð Þ{1DtrueU tð Þ{1dt
with U(t) being the time course of the right stretch tensor and D
the duration of the R-R interval. In accordance with [39] the
equation is expanded as:
Dobservedij ~
1
D
ðD
0
U{1ik tð ÞU{1lj tð Þ
 
Dtruekl
For validation purposes, additional DTI data were acquired
Figure 6. Systolic and diastolic helix angles with and without strain correction. Helix angle maps in systole (left column) and diastole (right
column) without and with strain correction (a). The transmural course of the helix angle is given at the basal, medial and apical levels (b). The error
bars indicate one standard deviation across the study population. Statistically significant difference between the uncorrected (blue) and the corrected
case (red) are indicated by * and between systole and diastole by {.
doi:10.1371/journal.pone.0107159.g006
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during the systolic ‘‘sweet-spot’’ (trigger delay: 160 ms) in one of
the volunteers and compared to data in end systole (trigger delay:
305 ms) and diastole (trigger delay: 620 ms).
Data analysis
From the six slices pairs of two were grouped for the basal,
medial and apical level and mean diffusivity (MD) and fractional
anisotropy (FA) in systole and diastole were compared for each
volunteer. Additionally, helix, transverse and sheet angles were
calculated using projections of the first and third eigenvectors as
described in Figure 2 (a–b) [3]. To allow tracking the transmural
course of the helix angle, a local anatomical basis was defined. To
this end, the shape of the LV was mapped onto an ‘‘ideal’’ circular
ring by means of coherent point drift mapping [53]. This
procedure allowed the definition of a locally normalized transmu-
ral position independent of variation of local thickness of the
myocardium (Figure 2c). The helix angle alignment was analyzed
on a slice-by-slice basis. Therefore the myocardium was separated
into five layers: epicardial, sub-epicardial, mid-wall, sub-endocar-
dial and endocardial similarly to previously reported helix angle
analysis [27]. The transmural helix gradient from the linear fit as
well as the range of the transmural course of the helix angle are
reported for basal, medial and apical levels (Figure 2d). Transverse
and sheet angle distributions are analyzed by means of histograms
for each slice similar to the analysis of Hales et al. [34]. The
standard deviation of the transverse angle distribution is reported
as measure of coherence. Sheet angle distributions were fitted with
a quadratic function (Figure 2e) and the coefficient of the
quadratic component is presented as a measure of sheet
realignment during systolic contraction. Additionally the mean
of the absolute value of the sheet angle was calculated for basal,
medial and apical levels in systole and diastole.
The tensors shown in this study have not been interpolated as in
previous works [25,31]. Statistical differences between systolic and
diastolic values were tested using a two-tailed paired student’s t-
test. A p-value,0.05 was considered statistically significant. All
tests were Bonferroni-corrected for multiple testing.
Results
Dual-phase cardiac DTI data was successfully acquired in all
subjects. Total exam time including subject preparation was 1.5–
2 hours.
The raw data images acquired at the systolic sweet spot, in peak
systole and in diastole are presented in Figure 3. Data are shown
for the ‘‘b = 0’’, the first three and the last diffusion- encoding
direction as well as the average of all diffusion directions. Tagging
data from the three orthogonally line-tagged stacks are given
alongside. The temporally averaged stretch tensors as calculated
from the tagging data allow radial, circumferential and longitu-
dinal stretch components, which are presented as stretch maps, to
be assessed.
Figure 4a,b shows the time course of the radial, circumferential
and longitudinal stretch calculated from the right stretch tensors at
the apical, medial and basal levels for systole and diastole. The
time points of acquisition of systolic and diastolic DTI data as well
as the systolic sweet spot are indicated by vertical lines in
Figure 4a,b. The transmural course of the helix angles and
transverse and sheet angle histograms in systole (trigger delay:
305 ms) and diastole (trigger delay: 620 ms) (without and with
strain correction) are shown for the medial level in Figure 4c,d. In
addition, DTI data acquired in the systolic sweet spot (trigger
delay: 160 ms) is overlaid. Strain correction results in changes in
the transverse and sheet angle distributions in systole. Values
obtained upon strain correction approach data acquired in the
sweet spot. Differences in diastole are found to be smaller with and
without strain correction.
In Figure 5 systolic and diastolic tensor fields at a medial level
with and without strain correction are compared. The super-
quadric representation of the diffusion tensor [15] was employed
while glyphs were color-coded by the helix angle. It is observed
that systolic diffusion tensors have been rearranged into the
natural helical alignment after strain correction. In diastole,
however, correction effects were subtler, mainly illustrated by
small changes in the main diffusivities.
MD and FA for both heart phases, with and without strain
correction, are reported in Table 1. After strain correction, the
MD was increased in systole and decreased in diastole, both with
statistical significance. The FA was significantly increased upon
strain correction in systole, but remained unchanged in diastole.
Figure 6 displays helix angle maps and the dependency of helix
angle on the transmural depth for systole and diastole, with and
without strain correction. Data are given as mean 6 one standard
deviation across the study population. While in diastole only little
change in helix angles is observed upon strain correction, helix
angles at basal level are significantly different with strain
correction in systole. The mean transmural helix angle range in
diastole across the volunteers was reduced by 2.264.4u at the basal
level and increased by 2.266.1u at the medial level and 1.065.0u
at the apical level after strain correction. For systole, the
transmural helix angle range was decreased by 9.469.9u at the
basal level, 1.665.3u at the medial level and 6.769.9u at the apical
level after strain correction. Differences in diastole were mostly not
statistically significant. In systole, statistically significant differences
at the medial and basal levels were found when comparing data
without and with strain correction.
Figure 7 shows transverse angle maps and histograms of the
study population. Significant differences were observed before and
after strain correction for both systole and diastole, at each cardiac
levels. Negative transverse angles were found at the posterior RV-
LV intersection. The distribution of the systolic transverse angle
has a lower variance after strain correction suggesting a more
coherent fiber track. It is noted that transverse angle distributions
in systole and diastole show a similar variance after strain
correction.
Sheet angle maps and histograms are shown in Figure 8. The
characteristic distribution of sheet angle into two populations is
well seen, particularly with strain correction. Strain correction is
observed to change systolic sheet distributions markedly, in some
cases producing almost inverted distributions of those obtained
without correction.
A comparison of helix, transverse and sheet angles for the
systolic and diastolic heart phase with and without strain-
correction is provided in Table 2. Significant differences in helix
angle range between systole and diastole were seen in the medial
and apical levels while differences for transverse and sheet angles
Figure 7. Systolic and diastolic transverse angles with and without strain correction. Transverse angle maps in systole (left column) and
diastole (right column) without and with strain correction (a). Transverse angle histograms are given at the basal, medial and apical levels (b). The
error bars indicate one standard deviation across the study population. Statistically significant differences between the uncorrected (blue) and the
corrected case (red) are indicated by * and between systole and diastole by {.
doi:10.1371/journal.pone.0107159.g007
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between systole and diastole were found at the medial and basal
levels of the heart. Sheet angle histograms are broadened in systole
compared to diastole.
Discussion
In this study, dual-heart phase cardiac DTI with strain
correction was successfully implemented and applied on 10
healthy volunteers to study differences in myofiber architecture
between systole and diastole.
The slice and phase interleaving scheme permitted a reduction
in scan time by a factor of two relative to a single-phase DTI
protocol, which would need to be repeated in systole and diastole.
Given that angular diffusion resolution was encoded in separate
breath held scans with the current implementation, the number of
breath holds required per dual-slice set is dictated by the number
of diffusion directions. While breath hold durations were short
(14–16 sec), free-breathing acquisition is nevertheless preferred to
increase acceptance in practice. To this end, respiratory naviga-
tion in conjunction with patient feedback could be incorporated
into our approach [27], or alternatively a modified respiratory
navigation scheme to increase gating efficiency without the need
for patient feedback [40] may be applied.
Local-look excitation was used to reduce the field-of-view in
phase-encode direction by a factor of 2.5 to 3 depending on slice
angulation and patient size. Alternatively, undersampling strate-
gies may be employed including parallel imaging [55–57] or
compressed sensing [58,59]. Further reduction of scan time could
also be achieved by combining the proposed method with
simultaneous excitation of multiple slices and subsequent unfold-
ing using parallel imaging principles [60–62].
DTI of the heart with the stimulated echo approach has
previously been performed at sweet spots in the cardiac cycle,
where the effects of strain are eliminated [21,22]. The exact
locations of these sweet spots is a function of the heart rate of each
volunteer, but generally falls within mid-systole and mid-diastole.
More recently, DTI of the myocardium has been described at end-
systole, where the heart reaches a quiescent or stand-still phase
[27,41,44]. With the present work, it has, however, demonstrated
that DTI of the myocardium at end-systole is significantly
influenced by strain. The effect of strain on helix angle
measurements is small but its impact on measures of sheet
architecture, such as sheet angle, is extremely large. Our results
confirm those of Tseng and colleagues, who likewise showed that
imaging away from the systolic/diastolic sweet spots produced
small differences in helix angle but very large differences in sheet
angle [21,22].
The validity of strain correction was verified by comparing data
acquired in systole and diastole to data obtained in the systolic
sweet spot, for which actual material strain equals the average
strain across the cardiac cycle. While no major difference was
found between the diastolic data obtained without strain
Figure 8. Systolic and diastolic sheet angles with and without strain correction. Sheet angle maps in systole (left column) and diastole
(right column) without and with strain correction (a). Sheet angle histograms are given at the basal, medial and apical levels (b). The error bars
indicate one standard deviation across the study population. Statistically significant differences between the uncorrected (blue) and the corrected
cases (red) are indicated by * and between systole and diastole by {.
doi:10.1371/journal.pone.0107159.g008
Table 2. Angulation analysis.
systole diastole
w/o correction with correction w/o correction with correction
helix angle range base 72.8u615.4u* 63.9u611.5u 55.3u69.3u 53.0u69.6u
medial 77.1u67.7u 75.2u66.2u 55.9u63.7u 58.1u66.1u{
apex 81.1u612.3u 76.0u610.6u 55.0u611.9u 56.0u613.0u{
gradient [u/%depth] base 20.9360.18* 20.8360.13 20.7460.11 20.7260.11
medial 21.0060.11 20.9860.10 20.7360.06 20.7560.07{
apex 21.0660.15 21.0060.12 20.7160.14 20.7160.16{
transverse angle mean base 23.0u64.5u* 3.5u64.8u 20.9u62.3u 21.8u62.3u{
medial 0.2u64.3u 21.7u63.1u 20.4u61.1u 20.4u61.1u
apex 0.2u63.05u* 26.365.1u 1.3u62.3u 1.3u62.3u{
SD base 36.0u63.8u* 29.5u65.1u 27.7u63.6u* 30.2u63.4u
medial 34.0u65.5u* 24.6u64.1u 24.4u63.1u* 27.2u63.5u
apex 35.8u63.4u* 27.3u62.4u 25.2u64.3u* 28.9u63.8u
sheet angle quadratic fit [61026] base 25.3363.9* 3.764.2 14.964.9* 10.663.9{
medial 21.4464.7* 9.364.5 18.863.7* 14.064.3
apex 3.565.5* 12.665.7 19.264.8* 14.266.7
mean |c| base 38.0u64.3u* 50.4u63.5u 61.2u65.1u* 56.9u64.2u{
medial 41.6u63.7u* 55.1u64.8u 65.0u63.6u* 60.4u64.3u{
apex 58.7u65.9u* 60.5u64.1u 66.0u64.6u* 60.9u66.6u
Helix transverse and sheet angle analysis at basal, medial and apical level is shown prior and after strain correction.
* indicates statistical significance (p-value ,0.05) between uncorrected and corrected data and
{indicates statistical significance between systole and diastole.
doi:10.1371/journal.pone.0107159.t002
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correction, and the sweet spot data, significant change was seen for
systolic data upon strain correction.
In systole, longitudinal and circumferential diffusion compo-
nents are underestimated while radial diffusion components are
overestimated without strain correction. This effect leads to
stretching of the diffusion tensor in radial direction and
compression in the two orthogonal directions. Consequently, after
estimating the tensors’ eigenbasis, the second and third eigenvec-
tors are swapped leading to higher bin counts for the sheet angle
around 0u. The first eigenvector, which is predominantly aligned
within the circumferential and longitudinal plane, is rotated out of
plane. Histograms of the transverse angle demonstrate a wider
spread prior to strain correction. Without strain correction, the
change in sheet angulation between systole and diastole is
significantly overestimated and fiber tracks appear less coherent.
Here, the need for strain correction in systole was clearly
demonstrated.
The changes in fiber configuration between systole and diastole
seen in this study indicate a greater longitudinal alignment of
myofibers during contraction. Similar results have been described
in excised rat hearts arrested in systole and diastole [33]. Likewise,
histological and MR findings from excised porcine [63] and goat
[12] heart revealed that the helical fiber structure from epicardium
at the apex crosses to endocardium at a medial level and back to
epicedium at the base, hypothesizing that the presence of non-zero
transverse angles are responsible for wall thickening during
contraction [63]. These findings are in agreement with the data
reported here.
In the present work sheet angle histograms were generated for
basal, medial and apical levels similar to work by Hales et al. [34].
The in vivo results presented here show a significant change in
sheet angle from systole to diastole. In the contracted state, fewer
counts of larger angulation were found, while the counts of
intermediate angles were increased. These results are in accor-
dance with those of Dou et al. al [22], who showed that sheet
orientation becomes more radial in systole. Similar to prior reports
on isolated hearts [33–35], the changes in sheet angle histograms
were most pronounced at the basal level and less at the apical
level.
A potential study limitation lies in the intrinsic coupling of the b-
value of the STEAM approach with the subject’s heart rate. While
the standard deviation of heart rate between acquisitions was only
2.661.1 bpm, the heart rate during a breath hold maneuver may
have changed significantly. To minimize the impact of heart rate
variation on the tensor directionality, all averages of a single
diffusion encoding direction were acquired within a single breath
hold.
Besides material strain, base SNR is of critical importance
regarding systematic errors in determining apparent diffusion.
Magnitude averaging of the low SNR DWI data was performed
resulting in a Rician noise distribution of the averaged data.
Accordingly, signal attenuation by diffusion is biased by the SNR
dependent noise floor [64]. Since the SNR at the apex is
considerably higher as compared to the base of the heart due to its
proximity to the receive coil array, the relative underestimation of
apparent diffusion measured in the apex is less compared to the
value at the basal level.
Conclusion
An approach for dual-phase cardiac DTI with correction for
myocardial strain has been successfully implemented and has
allowed changes in myofiber architecture between systole and
diastole to be studied in the human heart in vivo. The results
obtained with strain correction are in agreement with experimen-
tal ex vivo data and prior in vivo data in healthy volunteers. The
potential of DTI to characterize myocardial anatomy in the heart
is high, but strain correction at phases other than the sweet spots
will be crucial for the accurate characterization of myocyte
architecture.
Acknowledgments
The authors thank Dr. Ge´rard Crelier for providing the processing
software for 3D tagged data.
Author Contributions
Conceived and designed the experiments: CTS AK CVD JH DA SK.
Performed the experiments: CTS AK. Analyzed the data: CTS AK CM.
Contributed reagents/materials/analysis tools: CTS AK CM SK.
Contributed to the writing of the manuscript: CTS AK CVD JH RWC
MN RM DA DES CM SK.
References
1. Streeter DD Jr, Spotnitz HM, Patel DP, Ross J Jr, Sonnenblick EH (1969) Fiber
orientation in the canine left ventricle during diastole and systole. Circ Res 24:
339–347.
2. Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH (1981) Left
ventricular fibre architecture in man. Br Heart J 45: 248–263.
3. Scollan DF, Holmes A, Winslow R, Forder J (1998) Histological validation of
myocardial microstructure obtained from diffusion tensor magnetic resonance
imaging. Am J Physiol 275: H2308–2318.
4. Schmid P, Jaermann T, Boesiger P, Niederer PF, Lunkenheimer PP, et al. (2005)
Ventricular myocardial architecture as visualised in postmortem swine hearts
using magnetic resonance diffusion tensor imaging. Eur J Cardiothorac Surg 27:
468–472.
5. LeGrice IJ, Smaill BH, Chai LZ, Edgar SG, Gavin JB, et al. (1995) Laminar
structure of the heart: ventricular myocyte arrangement and connective tissue
architecture in the dog. Am J Physiol 269: H571–582.
6. Helm PA, Tseng HJ, Younes L, McVeigh ER, Winslow RL (2005) Ex vivo 3D
diffusion tensor imaging and quantification of cardiac laminar structure. Magn
Reson Med 54: 850–859.
7. Kung GL, Nguyen TC, Itoh A, Skare S, Ingels NB Jr, et al. (2011) The presence
of two local myocardial sheet populations confirmed by diffusion tensor MRI
and histological validation. J Magn Reson Imaging 34: 1080–1091.
8. Young AA, Legrice IJ, Young MA, Smaill BH (1998) Extended confocal
microscopy of myocardial laminae and collagen network. J Microsc 192: 139–
150.
9. Costa KD, Takayama Y, McCulloch AD, Covell JW (1999) Laminar fiber
architecture and three-dimensional systolic mechanics in canine ventricular
myocardium. Am J Physiol 276: H595–607.
10. Pope AJ, Sands GB, Smaill BH, LeGrice IJ (2008) Three-dimensional
transmural organization of perimysial collagen in the heart. Am J Physiol Heart
Circ Physiol 295: H1243–H1252.
11. Hsu EW, Muzikant AL, Matulevicius SA, Penland RC, Henriquez CS (1998)
Magnetic resonance myocardial fiber-orientation mapping with direct histolog-
ical correlation. Am J Physiol 274: H1627–1634.
12. Geerts L, Bovendeerd P, Nicolay K, Arts T (2002) Characterization of the
normal cardiac myofiber field in goat measured with MR-diffusion tensor
imaging. Am J Physiol Heart Circ Physiol 283: H139–145.
13. Tseng WY, Wedeen VJ, Reese TG, Smith RN, Halpern EF (2003) Diffusion
tensor MRI of myocardial fibers and sheets: correspondence with visible cut-face
texture. J Magn Reson Imaging 17: 31–42.
14. Chen J, Song SK, Liu W, McLean M, Allen JS, et al. (2003) Remodeling of
cardiac fiber structure after infarction in rats quantified with diffusion tensor
MRI. Am J Physiol Heart Circ Physiol 285: H946–954.
15. Ennis DB, Kindlman G, Rodriguez I, Helm PA, McVeigh ER (2005)
Visualization of tensor fields using superquadric glyphs. Magn Reson Med 53:
169–176.
16. Wu EX, Wu Y, Nicholls JM, Wang J, Liao S, et al. (2007) MR diffusion tensor
imaging study of postinfarct myocardium structural remodeling in a porcine
model. Magn Reson Med 58: 687–695.
17. Wu Y, Chan CW, Nicholls JM, Liao S, Tse HF, et al. (2009) MR study of the
effect of infarct size and location on left ventricular functional and
microstructural alterations in porcine models. J Magn Reson Imaging 29:
305–312.
Dual-Phase Cardiac DTI with Strain Correction
PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | e107159
18. Strijkers GJ, Bouts A, Blankesteijn WM, Peeters TH, Vilanova A, et al. (2009)
Diffusion tensor imaging of left ventricular remodeling in response to myocardial
infarction in the mouse. NMR Biomed 22: 182–190.
19. Hales PW, Burton RA, Bollensdorff C, Mason F, Bishop M, et al. (2011)
Progressive changes in T(1), T(2) and left-ventricular histo-architecture in the
fixed and embedded rat heart. NMR Biomed 24: 836–843.
20. Eggen MD, Swingen CM, Iaizzo PA (2012) Ex vivo diffusion tensor MRI of
human hearts: relative effects of specimen decomposition. Magn Reson Med 67:
1703–1709.
21. Tseng WY, Reese TG, Weisskoff RM, Wedeen VJ (1999) Cardiac diffusion
tensor MRI in vivo without strain correction. Magn Reson Med 42: 393–403.
22. Dou J, Reese TG, Tseng WY, Wedeen VJ (2002) Cardiac diffusion MRI without
motion effects. Magn Reson Med 48: 105–114.
23. Wu MT, Tseng WY, Su MY, Liu CP, Chiou KR, et al. (2006) Diffusion tensor
magnetic resonance imaging mapping the fiber architecture remodeling in
human myocardium after infarction: correlation with viability and wall motion.
Circulation 114: 1036–1045.
24. Gamper U, Boesiger P, Kozerke S (2007) Diffusion imaging of the in vivo heart
using spin echoes-considerations on bulk motion sensitivity. Magn Reson Med
57: 331–337.
25. Toussaint N, Sermesant M, Stoeck CT, Kozerke S, Batchelor PG (2010) In vivo
human 3D cardiac fibre architecture: reconstruction using curvilinear
interpolation of diffusion tensor images. Med Image Comput Comput Assist
Interv 13: 418–425.
26. Nguyen C, Fan Z, Sharif B, He Y, Dharmakumar R, et al. (2013) In vivo three-
dimensional high resolution cardiac diffusion-weighted MRI: A motion
compensated diffusion-prepared balanced steady-state free precession approach.
Magn Reson Med.
27. Nielles-Vallespin S, Mekkaoui C, Gatehouse P, Reese TG, Keegan J, et al.
(2013) In vivo diffusion tensor MRI of the human heart: Reproducibility of
breath-hold and navigator-based approaches. Magn Reson Med 70: 454–465.
28. Sosnovik DE, Wang R, Dai G, Wang T, Aikawa E, et al. (2009) Diffusion
spectrum MRI tractography reveals the presence of a complex network of
residual myofibers in infarcted myocardium. Circ Cardiovasc Imaging 2: 206–
212.
29. Mekkaoui C, Huang S, Chen HH, Dai G, Reese TG, et al. (2012) Fiber
architecture in remodeled myocardium revealed with a quantitative diffusion
CMR tractography framework and histological validation. J Cardiovasc Magn
Reson 14: 70.
30. Mekkaoui C, Porayette P, Jackowski MP, Kostis WJ, Dai G, et al. (2013)
Diffusion MRI tractography of the developing human fetal heart. PLoS One 8:
e72795.
31. Toussaint N, Stoeck CT, Sermesant M, Schaeffter T, Kozerke S, et al. (2013) In
vivo human cardiac fibre architecture estimation using shape-based diffusion
tensor processing. Med Image Anal.
32. Sosnovik DE, Mekkaoui C, Huang S, Chen HH, Dai G, et al. (2014)
Microstructural impact of ischemia and bone marrow-derived cell therapy
revealed with diffusion tensor magnetic resonance imaging tractography of the
heart in vivo. Circulation 129: 1731–1741.
33. Chen J, Liu W, Zhang H, Lacy L, Yang X, et al. (2005) Regional ventricular
wall thickening reflects changes in cardiac fiber and sheet structure during
contraction: quantification with diffusion tensor MRI. Am J Physiol Heart Circ
Physiol 289: H1898–1907.
34. Hales PW, Schneider JE, Burton RA, Wright BJ, Bollensdorff C, et al. (2012)
Histo-anatomical structure of the living isolated rat heart in two contraction
states assessed by diffusion tensor MRI. Prog Biophys Mol Biol 110: 319–330.
35. Cheng YJ, Lang D, Caruthers SD, Efimov IR, Chen J, et al. (2012) Focal but
reversible diastolic sheet dysfunction reflects regional calcium mishandling in
dystrophic mdx mouse hearts. Am J Physiol Heart Circ Physiol 303: H559–568.
36. Chen Y, Chen J, Caruthers S, Wickline SA (2013) Progressive Myocardial Sheet
Dysfunction from 3 to 16 months in Duchene Muscular Dystrophy Mice (mdx)
Defined by Diffusion Tensor MRI (DTI); Salt Lake City, Utah, USA. pp. 3077.
37. Edelman RR, Gaa J, Wedeen VJ, Loh E, Hare JM, et al. (1994) In vivo
measurement of water diffusion in the human heart. Magn Reson Med 32: 423–
428.
38. Reese TG, Weisskoff RM, Smith RN, Rosen BR, Dinsmore RE, et al. (1995)
Imaging myocardial fiber architecture in vivo with magnetic resonance.
Magnetic Resonance in Medicine 34: 786–791.
39. Reese TG, Wedeen VJ, Weisskoff RM (1996) Measuring diffusion in the
presence of material strain. Journal of Magnetic Resonance, Series B 112: 253–
258.
40. Harmer J, Toussaint N, Pushparajah K, Stoeck CT, Chan RW, et al. (2013) In-
vivo Diffusion Tensor Imaging of the Systemic Right Ventricle at 3T; Salt Lake
City, Utah, USA.
41. McGill L-A, Ismail TF, Nielles-Vallespin S, Ferreira P, Scott AD, et al. (2012)
Reproducibility of in-vivo diffusion tensor cardiovascular magnetic resonance in
hypertrophic cardiomyopathy. J Cardiovasc Magn Reson 14: 86.
42. Nielles-Vallespin S, Ferreira PF, Gatehouse P, Keegan J, de Silva R, et al. Time-
resolved In Vivo Cardiac Diffusion Tensor MRI of the Human Heart; 2013; Salt
Lake City, Utah, USA. pp. 0479.
43. Ferreira P, Kilner PJ, McGill L-A, Nielles-Vallespin S, Scott AD, et al. (2014)
Aberrant myocardial sheetlet mobility in hypertrophic cardiomyopathy detected
using in vivo cardiovascular magnetic resonance diffusion tensor imaging.
Journal of Cardiovascular Magnetic Resonance 16: P338.
44. McGill L-A, Ferreira P, Scott AD, Nielles-Vallespin S, Silva R, et al. (2014)
Comparison of cardiac DTI parameters between systole and diastole. Journal of
Cardiovascular Magnetic Resonance 16: P39.
45. Schar M, Kozerke S, Boesiger P. (2003) Considerations on Shimming for
Cardiac Applications at 1.5 and 3.0T; Toronto.
46. Rutz AK, Ryf S, Plein S, Boesiger P, Kozerke S (2008) Accelerated whole-heart
3D CSPAMM for myocardial motion quantification. Magn Reson Med 59:
755–763.
47. Fischer SE, McKinnon GC, Maier SE, Boesiger P (1993) Improved myocardial
tagging contrast. Magn Reson Med 30: 191–200.
48. Feinberg DA, Hoenninger JC, Crooks LE, Kaufman L, Watts JC, et al. (1985)
Inner volume MR imaging: technical concepts and their application. Radiology
156: 743–747.
49. Reischauer C, Wilm BJ, Froehlich JM, Gutzeit A, Prikler L, et al. (2011) High-
resolution diffusion tensor imaging of prostate cancer using a reduced FOV
technique. Eur J Radiol 80: e34–41.
50. Jones DK, Horsfield MA, Simmons A (1999) Optimal strategies for measuring
diffusion in anisotropic systems by magnetic resonance imaging. Magn Reson
Med 42: 515–525.
51. Klein S, Staring M, Murphy K, Viergever MA, Pluim JP (2010) elastix: a
toolbox for intensity-based medical image registration. IEEE Trans Med
Imaging 29: 196–205.
52. Wang H, Stoeck CT, Kozerke S, Amini AA (2013) Analysis of 3D cardiac
deformations with 3D SinMod. Conf Proc IEEE Eng Med Biol Soc 2013: 4386–
4389.
53. Myronenko A, Song X (2010) Point set registration: coherent point drift. IEEE
Trans Pattern Anal Mach Intell 32: 2262–2275.
54. Hess AT, Zhong X, Spottiswoode BS, Epstein FH, Meintjes EM (2009)
Myocardial 3D strain calculation by combining cine displacement encoding with
stimulated echoes (DENSE) and cine strain encoding (SENC) imaging. Magn
Reson Med 62: 77–84.
55. Bammer R, Keeling SL, Augustin M, Pruessmann KP, Wolf R, et al. (2001)
Improved diffusion-weighted single-shot echo-planar imaging (EPI) in stroke
using sensitivity encoding (SENSE). Magn Reson Med 46: 548–554.
56. Bammer R, Auer M, Keeling SL, Augustin M, Stables LA, et al. (2002) Diffusion
tensor imaging using single-shot SENSE-EPI. Magn Reson Med 48: 128–136.
57. Alexander AL, Lee JE, Wu YC, Field AS (2006) Comparison of diffusion tensor
imaging measurements at 3.0 T versus 1.5 T with and without parallel imaging.
Neuroimaging Clin N Am 16: 299–309, xi.
58. Lustig M, Donoho D, Pauly JM (2007) Sparse MRI: The application of
compressed sensing for rapid MR imaging. Magn Reson Med 58: 1182–1195.
59. Menzel MI, Tan ET, Khare K, Sperl JI, King KF, et al. (2011) Accelerated
diffusion spectrum imaging in the human brain using compressed sensing. Magn
Reson Med 66: 1226–1233.
60. Breuer FA, Blaimer M, Heidemann RM, Mueller MF, Griswold MA, et al.
(2005) Controlled aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA) for multi-slice imaging. Magn Reson Med 53: 684–691.
61. von Deuster C, Stoeck CT, Giese D, Harmer J, Chan RW, et al. Concurrent
dual-slice cardiac DTI of the in-vivo human heart; 2013; Salt Lake City, Utah,
USA.
62. Lau AZ, Tunnicliffe EM, Frost R, Koopmans PJ, Tyler DJ, et al. (2014)
Accelerated human cardiac diffusion tensor imaging using simultaneous
multislice imaging. Magn Reson Med.
63. Smerup M, Agger P, Nielsen EA, Ringgaard S, Pedersen M, et al. (2013)
Regional and epi- to endocardial differences in transmural angles of left
ventricular cardiomyocytes measured in ex vivo pig hearts: functional
implications. Anat Rec (Hoboken) 296: 1724–1734.
64. Kristoffersen A (2007) Optimal estimation of the diffusion coefficient from non-
averaged and averaged noisy magnitude data. J Magn Reson 187: 293–305.
Dual-Phase Cardiac DTI with Strain Correction
PLOS ONE | www.plosone.org 12 September 2014 | Volume 9 | Issue 9 | e107159
